ABSTRACT Laser transmission welding offers significant benefits over conventional welding techniques enabling single-stage rapid plastic joining. The quality of laser transmission welded products is commonly assessed by measuring the weld penetration depth, hardened weld boundary, and inspecting the formation of porosity. However, the existing methods of verification are inevitably accompanied by destruction of the specimen. Thus, non-destructive quality assessment methods for laser transmission welding have gained attention recently. Here, we demonstrated an extended industrial application of 860 nm wavelength-based spectral domain optical coherence tomography for the non-destructive inspection of the aforementioned quality parameters of laser transmission welded industrial plastic materials, i.e., polycarbonate and acrylonitrile butadiene styrene copolymer. The acquired cross-sectional resolution and volumetric and intensity profiles sufficiently contributed to the quality assessment procedure, revealing the weld boundary and porosity formation, and thus confirming the potential applicability of optical coherence tomography for the quality inspection of laser transmission welded products.
I. INTRODUCTION
Thermoplastic has been gradually replacing metals in the automotive, aerospace, and medical fabrication industries due to its advantages such as weight saving, flexibility, electrical and thermal insulation combined with electromagnetic interference shielding, and low cost [1] - [4] . Owing to the increased number of applications, numerous techniques have been employed for plastic welding including manual processes, vibration and frictional heating between materials, electromagnetic heat source based welding, and laser transmission welding [5] - [7] . Among them, laser transmission welding was first used in 1970 by employing CO2 laser [8] , [9] . However, CO2 laser is not suitable for thermoplastic fabrication because it decomposes, vaporizes and carbonizes the structural surface before the heat is transmitted towards inside the structure and eventually deteriorates the internal material properties [10] , [11] . The recent emergence of near infrared wavelength (NIR) Nd:YAG and diode lasers facilitated thermoplastic welding on the basis of selective transmission and absorption by using an appropriate filler [11] - [13] . Further, the advantages of this technology, including high quality welding seam, non-contact welding, and high bonding strength, led to its wide applications [14] , [15] . This technique is particularly suitable for medical applications owing to the small heat-affected zone that does not require any adhesives, which are harmful to the human body [4] , [16] .
The most commonly used methods for evaluating the properties of laser transmission welded products are visual inspection using optical micrographs, mechanical testing using lap-shear strength (LSS), and surface inspection using scanning electron microscopy. Air bubbles are generated during erroneous welding, which negatively affect the fatigue strength and airtightness. Inspection of the appearance of air bubbles is thus important to assess the quality of the welded products. However, optical microscopy and scanning electron microscopy can identify the air bubbles in the welded region approximately on the weld seam surface, but not exactly at the weld surface boundary. Thus, in order to inspect the cross-sectional properties, the welded specimen needs to be destructed [17] , [18] . On the other hand, for normalized LSS measurement, accurate measurement of the welded interface is essential, which is mainly performed based on the area of the welded region. Although numerous studies were performed to examine LSS of diverse lap welds with various welding parameters [19] - [21] , the difficulty of precise weld-area calculation degrades the accuracy of the LSS measurement. Moreover, the usage of conventional mechanical inspection techniques, such as displacement measurements and pyrometer based methods, have been limited due to the destructiveness, lack of quantitative information concerning the geometry of weld seam, and difficulty of inspecting different welded areas [17] , [22] - [24] . Hence, the necessity for devising a non-destructive real-time inspection technique for laser transmission welding, which would provide information on the possible presence of imperfections formed during erroneous laser transmission welding, has gained remarkable attention.
Optical coherence tomography (OCT) is an optical medical imaging technique [25] , [26] , which was recently employed in diverse defect-inspection applications as a powerful inspection tool for industrial products owing to its high resolution (on the order of microns) and non-destructive imaging capability. Reinforced from the high axial and spatial resolution of OCT, numerous studies on defect inspection of paper, glass, liquid resins, and agricultural products by OCT have been reported in the literature [27] - [31] . In particular, OCT based quality assurance of laser transmission welded single-stage plastic was performed [18] to confirm the applicability of OCT for initial product inspection. Therefore, OCT can be considered as a potential solution for accurate localization and precise characterization of structural imperfections formed during laser transmission welding.
In the study proposed here, we demonstrated an OCT based initial quality assurance process for laser transmission welded materials to investigate the welded boundary and porosity formation. The primary focus of the study was to evaluate the inspection capability of OCT to identify structural perfections as well as imperfections formed during welding. The cross-sectional formation of stiffened bondage (during perfect welding) and the formation of porosities and air bubbles (during erroneous welding) between the utilized thermoplastic varieties, i.e., polycarbonate and acrylonitrile butadiene styrene copolymer, were evaluated using the acquired 2D OCT and 3D OCT images and intensity based A-scan depth profiles obtained from the OCT system. The main comparison and conceptual breakthrough of this study (compared to the study reported by Schmitt et.al.) is the utilization of high-resolution shorter wavelength range based economical SD-OCT system for the defect inspection of specific polycarbonate and acrylonitrile butadiene styrene copolymer material, where the longer wavelengths hardly visualized the deep regions of imperfectly welded region due to the materialistic properties. The results provided an elaborate comparison between successfully and unsuccessfully welded samples along with new insights into phenomena that occur during a imperfect welding process, which suggest that OCT holds a great potential for application in the laser transmission welding industry.
II. MATERIALS AND METHODS

A. LASER TRANSMISSION WELDDED SAMPLE
A high power pump laser system (YLR-500, IPG, USA) with a wavelength of 1070 nm was used for laser transmission welding. The applied laser intensity for welding was 50 W. Although welding is possible at an intensity of 5 W, here we used maximum configurable intensity of the laser system (50 W) to obtain a perfect weld region as the primary goal of the study well as to obtain the imperfect weld region, which was the secondary experimental purpose. Therefore, the laser dosimetry was applied while considering the material degradation through calculated the temperature-time data of the point located at the maximum temperature. The laser beam was collimated and irradiated on the sample with a beam size of 6 mm. The welding speed of the laser was 50 mm/s, and it took approximately 2 s for a complete weld. Figure 1(a) shows a representative schematic diagram of the laser transmission welding system used for joining two thermoplastic materials. The two different materials used for welding are: a laser-transparent material (polycarbonate with the 99% transmittance) and a laser-absorbing material (acrylonitrile butadiene styrene copolymer). The aforementioned materials were selected with similar dimensions (20 cm × 5 cm) except for their thickness. The thickness of polycarbonate was 3 mm and that of acrylonitrile butadiene styrene copolymer was 4.5 mm. The polycarbonate layer was placed on top of the acrylonitrile butadiene styrene copolymer layer and the laser beam was transmitted to weld the two layers together. To minimize gap formation between the two materials during the welding process, the two materials were clamped on either side. The indicated regions of interest (ROI 1 and 2) in Fig. 1(b) , 1(c), and 1(d) emphasize the regions investigated using OCT after the welding process. Fig. 1(b) shows a pictorial representation of the laser transmission welded thermoplastic materials along with the microscopically (100×) magnified ROI 1 and 2. The gray scale images in Fig. 1 (c) and (d) provide an illustration of the different regions (perfectly welded, imperfectly welded, and border regions). Since, the primary focus of the study was to investigate the potential applicability of the corresponding wavelength range based OCT system, and therefore the quality inspection of a particular specimen consists of polycarbonate and acrylonitrile butadiene styrene copolymer materials was involved. Figure 2 shows the schematic of the employed 840-nm SD-OCT system in the study. The light source of the OCT is a broadband laser (EXS210022-01, Exalos Ltd., Swiss) centered at λ c = 840 nm with a full width at half maximum (FWHM) of 50 nm. The output beam of broadband laser is passed towards the sample arm and reference arm through a 50:50 fiber coupler (FC850-40-50-APC, Thorlabs, Inc., USA). The reference arm consists of a collimator (FC850-40-50-APC, Thorlabs, Inc., USA), a lens (AC254-030-B, Thorlabs, Inc., USA), and a mirror (ME1-G01, Thorlabs, Inc., USA). A neutral density filter (NDC-50C-2M-B, Thorlabs, Inc., USA) was used for control the intensity. The sample arm consists of a collimator (FC850-40-50-APC, Thorlabs, Inc., USA), a galvanometer scanner (GVS002; Thorlabs, Inc., USA), and a lens (AC254-030-B, Thorlabs, Inc., USA). The collimated beam is scanned in the transverse direction using a galvanometer scanner and focused using an objective lens with a focal length of 30 mm. The length of the scanned ROI was 5 mm. The inverse scattering light from the sample arm and that from the reference arm are combined and delivered to the spectrometer through an optical coupler. The interference signal was connected to the spectrometer, which consists of a collimator (F810APC-842, Thorlabs, Inc., USA), a transmission-type diffraction grating (spatial frequency 1800 lpmm, Wasatch Photonics, USA) with nominal diffraction angle of 46.05 • , lens(AC508-100-B; Thorlabs, Inc., Newton, NJ, USA), and a line scan camera (spL4096-140 km, Basler, Germany). The measured axial resolution of the system is 8 µm, and the lateral resolution is 13 µm. The signalto-noise ratio of the spectrometer was measured as 101 dB. Eight hundred A-scans were used to create real-time 2D OCT images. Each A-scan has a depth of 4.7 mm in the depth direction. We used 1000 images to create a 3D OCT image. The scan range for creating 3D OCT images is 5 mm × 5 mm. The system acquired a 2D OCT image at 40 frames/s and took 25 s to acquire a single image of a 3D image.
B. SD-OCT SYSTEM
III. RESULTS AND DISCUSSION
A. OCT EVALUATION OF PERFECTLY WELDED REGION
Figure 3(a) shows the cross-sectionally analyzed OCT image of the perfectly welded region, which is indicated in the ROI 1 of Fig. 1(c) . The broad orange dashed box indicates the region, where the welding was performed and the narrow white dashed box indicates the boundary of the welded region. It was visually confirmed that the weld seam width and the intersection between the laser-transparent material and the laser-absorbing material disappears due to the melting of laser-transparent polycarbonate. Although the structural change can be visually identified, information is limited to the topographical range. Nevertheless, the cross-sectional representation of Fig. 3(a) reveals the presence and the absence of layer information in depth direction more precisely in both welded and border regions. A clear difference between the two regions can be visualized owing to the change of refractive index in the perfectly welded region, followed by the melted region. The preciseness of the thickness information can be enhanced by calculating the refractive index for each region, which requires further technical aspects. Therefore based on the fundamental OCT conditions, 1.58, which is the refractive index of polycarbonate and acrylonitrile butadiene styrene copolymer materials was simply utilized for both quantitative and qualitative measurements, where the measurements were later normalized for transparency. Consequently, in the border region, layer thickness information of the top joining partner (polycarbonate) can be identified with a different cross-sectional view from the welded region. To enhance the accuracy of the qualitative representations, depth direction intensity profiling was performed for the acquired 2D OCT images. Figures 3(b) and (c) are the depth direction intensity profiles obtained from the welded and non-welded regions corresponding to the blue and red dot-dashed lines indicated in Fig. 3(a) . The depth direction intensity A-scan profiles provide a clear correlation to the cross-sections exhibiting quantitative thickness information, such as 300 µm in the welded region, and 100 µm in the non-welded boundary region of particular layers. OCT images and A-scan plots were used to identify differences in thickness and intensity in the welded region and non-welded regions on the materials, thereby distinguishing between the welded regions and non-welded regions. As illustrated in the results, the depth direction intensity depth profiles acquired from the corresponding images exploit the depth dependent thickness detection capability of the OCT method, which will be a potential aid for the industrial utility.
B. OCT EVALUATION OF IMPERFECTLY WELDED REGION
To gain a sufficient understanding of the potential applicability of OCT under various circumstances, the welding time of the ROI 2 shown in Fig. 1(d) were exceeded compared to ROI 1. Fig. 4(b) is the cross-sectionally analyzed VOLUME 6, 2018 OCT image of the imperfectly welded joint partner regions. The green and blue dashed boxes of Fig. 4(a) is a crosssectional 2D OCT image of a perfectly welded region, and the red and white dashed boxes represent the cross-sections of the imperfectly welded regions. Both Fig. 4 (a) and (b) was obtained on the coronal plane of the sample. As shown in Fig. 4(b) , the OCT images acquired from imperfectly welded regions characterize the formation of porosities and air bubbles in the weld seam revealing the defectiveness of the laser transmission welding process. In addition to the aforementioned cross-sectional changes, a distinct gap formation (different from section 3.1) in the non-welded (boundary) region was significantly characterized owing to the depth penetration and high resolution of OCT. In addition, it was confirmed that the gap is formed at the junction of the laser-transparent material and the laser-absorbing material in the non-welded boundary region as shown in Fig. 4(b) . Similar axial depth intensity evaluation was performed here for the imperfectly welded region using A-scans to analyze the intensity fluctuations. Besides axial intensity analysis, structural changes and porosity formation of both welded regions were characterized. The white dashed lines in the axial direction indicated along with the numbers 1 and 3 in Fig. 4 Fig. 4 . In addition, the formation of air bubbles and gaps lead to a reduction of pixel intensity in tomograms shown in Fig. 4(b) compared to 4(a). Thus, a reduction of the intensity level in Fig. 4(b) compared to 4(a) can be identified in No.2 and No.4 lateral direction intensity profiles. Moreover, the red arrows in No.4 exhibit the intensity correlation to the aforestated porosities. Since, the quality of laser transmission welded products are commonly assessed by destructively measuring the weld penetration depth, hardened weld boundary, and inspecting the formation of porosity, the acquired qualitative cross-sectional information and the quantitative depth profile results acquired using OCT system clearly revealed the information weld penetration depth as a measure of inspecting the welds. 
C. THREE-DIMENSIONAL OCT EVALUAION OF PERFECTLY AND IMPERFECTLY WELDED REGION
The three-dimensionally (3D) analyzed depth-direction enface OCT images well below the top surface are illustrated in Fig. 5 . The acquired 3D OCT images were prepared by combining 900 tomograms into 3D data array and then rendered. The 3D OCT images were rendered with commercial or open-source software particularly designed for this purpose. The perfectly welded region (5a) and imperfectly welded region (5b) were three-dimensionally analyzed. The orthosliced enface images acquired from the y-direction orthogonal plane of each Fig 5(a) Although the obtained tomograms enabled us to identify the formation and localize the porosities, the rendered 3D OCT images exhibit vital information confirming the distribution of porosities, air bubbles, and perfectly welded regions, which is useful in quality assessments. Moreover, the aforementioned gap formation between the two layers during imperfect welding can be precisely visualized in the enface image acquired from the orthogonal plane in x-direction. Hence, these multi-direction inspection factors of OCT technology immensely contribute to the thermoplastic welding industry, as the quality of thermoplastic joints based on the perfect and imperfect welding can be evaluated in a rapid and nondestructive manner in real-time, which makes our method superior to the existing inspection techniques.
IV. CONCLUSION
The utilization of micrometer resolution of OCT for the industrial defect inspection is a conceptual breakthrough. Hence, the aim of this study was to exploit the potential merits of OCT by qualitatively and quantitatively evaluating the formation of defects including porosities and air bubbles during laser transmission welding in a non-destructive manner. The precisely obtained results clearly revealed the anticipated advantages of OCT by providing a precise cross-sectional and three-dimensional visualizations of perfectly welded regions, imperfectly welded regions, and porosity formations internally. Moreover, we were able to distinguish the structural differences between the welded and the non-welded regions during laser transmission welding through the assessment of depth direction intensity (A-scan) profiles of OCT images, which provided a robust quality assessment compared to conventional techniques. As an additional benefit of OCT, the acquired 2D, 3D, and enface images can be utilized to a great extent in future studies to obtain an accurate numerical expression for the weld area calculations, which is an essential requirement for the LSS techniques. Therefore, with the escalation of laser-transmission-welding-based thermoplastic fabrications and applications in recent micro and nanotechnology, OCT will play a vital role by serving as a defectinspecting quality assurance method with a high sensitivity rendering the technique as an essential tool in industry. He is currently a Full Professor with Kyungpook National University, Daegu, South Korea. His research interest is in biomedical imaging and sensing, neuroscience studies using multiphoton microscopy, photo-acoustic imaging, and other novel applications of sensors. VOLUME 6, 2018 
